We recently reported that cultivation of oat (Avena sativa L.) without phosphate resulted in that plasma membrane phosphoglycerolipids to a large extent were replaced by digalactosyldiacylglycerol, DGDG (Andersson et al., FEBS Lett. 537 (2003) 128-132). We here report that DGDG is not the only non-phosphorous-containing lipid that replaces phospholipids, but that also the content of glucosylceramides and sterolglycosides increased in plasma membranes as a response to phosphate starvation. In addition, phosphate deficiency induced similar changes in lipid composition in the tonoplast. The phospholipid-toglycolipid replacement apparently did not occur to any greater extent in endoplasmic reticulum, Golgi apparatus or mitochondrial inner membranes. In contrast to the marked effects on lipid composition, the polypeptide patterns were largely similar between root plasma membranes from well-fertilized and phosphate-limited oat, although the latter condition induced at least four polypeptides, including a chaperone of the HSP80 or HSP90 family, a phosphate transporter and a bacterial-type phosphoesterase. The latter polypeptide reacted with an antibody raised against a phosphate deficiency-induced phospholipase C from Arabidopsis thaliana (Nakamura et al., JBC 280 (2005) 7469-7476). In plasma membranes from oat, however, a phospholipase D-type activity and a phosphatidic acid phosphatase were the dominant lipase activities induced by phosphate deficiency. Our results reflect a highly developed plasticity in the lipid composition of the plasma membrane and the tonoplast. In addition, phosphate deficiencyinduced alterations in plasma membrane lipid composition may involve different sets of lipid metabolizing enzymes in different plant tissues or species, at different stages of plant development and/or at different stages of stress adjustments.
We recently reported that cultivation of oat (Avena sativa L.) without phosphate resulted in that plasma membrane phosphoglycerolipids to a large extent were replaced by digalactosyldiacylglycerol, DGDG (Andersson et al., FEBS Lett. 537 (2003) 128-132). We here report that DGDG is not the only non-phosphorous-containing lipid that replaces phospholipids, but that also the content of glucosylceramides and sterolglycosides increased in plasma membranes as a response to phosphate starvation. In addition, phosphate deficiency induced similar changes in lipid composition in the tonoplast. The phospholipid-toglycolipid replacement apparently did not occur to any greater extent in endoplasmic reticulum, Golgi apparatus or mitochondrial inner membranes. In contrast to the marked effects on lipid composition, the polypeptide patterns were largely similar between root plasma membranes from well-fertilized and phosphate-limited oat, although the latter condition induced at least four polypeptides, including a chaperone of the HSP80 or HSP90 family, a phosphate transporter and a bacterial-type phosphoesterase. The latter polypeptide reacted with an antibody raised against a phosphate deficiency-induced phospholipase C from Arabidopsis thaliana (Nakamura et al., JBC 280 (2005) 7469-7476). In plasma membranes from oat, however, a phospholipase D-type activity and a phosphatidic acid phosphatase were the dominant lipase activities induced by phosphate deficiency. Our results reflect a highly developed plasticity in the lipid composition of the plasma membrane and the tonoplast. In addition, phosphate deficiencyinduced alterations in plasma membrane lipid composition may involve different sets of lipid metabolizing enzymes in different plant tissues or species, at different stages of plant development and/or at different stages of stress adjustments.
Phosphate is often a limiting plant nutrient, and the effects of a limited supply have been extensively characterized on several levels, such as growth, root architecture, and metabolism of water-soluble phosphate-containing metabolites (1, 2) . For bacteria, it is well established that membrane phospholipids can function as a phoshate reserve and be replaced by glycolipids during phosphate starvation (3) (4) (5) . The corresponding function for plant phospholipids, as a phosphate reserve, was realized much later. When cultivated under phosphate-limiting conditions, the decrease in tissue phospholipids was compensated for by an increase in the glycolipid digalactosyldiacylglycerol (DGDG), as reported for Arabidopsis thaliana (6) (7) (8) , shoots and roots of oat seedlings (Avena sativa; 9), and Acer platanus suspension cells (10) .
The only non-plastid membrane of very high fraction purity that has been repeatedly reported to contain galactolipids, especially DGDG, is the plasma membrane. Except for a few reports (11) (12) (13) , the content of 1-5 mol% DGDG has been ascribed to plastid contamination. We recently established that DGDG indeed is a plasma membrane constituent, as it was the dominant acyl lipid of plasma membranes isolated from shoots and roots of oat that had been cultivated for four weeks in a phosphate-free medium (9) . Our aim with the present study was to characterize in more detail the alterations in plasma membrane composition that occurred as a result of phosphate limitation and to establish whether the lipid replacement in extra-plastidial membranes also occurred in other membranes.
MATERIALS AND METHODS
Materials -PEG 3350 (Ultra) and lipid standards were from Sigma (St. Louis, MO, USA). TLC plates, organic solvents, inorganic salts and other chemicals were from Merck (Darmstadt, Germany). Radiolabelled phosphatidic acid (PA) was from Perkin-Elmer (Boston, MA, USA). Other radiochemicals and Dextran T500 were from Amersham Pharmacia (Uppsala, Sweden). Plant material -Grains of oat (A. sativa L. cv. Vital) were soaked in deionized water overnight, sown on and covered with vermiculite. The plants were grown in a full nutrient solution (13) or in a nutrient solution where KH 2 PO 4 was replaced with KCl, in a climate chamber with a 16 h light/8 h dark period. The temperature was 20°C/17°C and the relative humidity was 70%/80% during the light/dark periods.
Isolation of a microsomal membrane fraction -
Oat roots, 35-40 g, were homogenized with a kitchen blender equipped with replaceable razor blades in 2 ml⋅g -1 of 50 mM Hepes/KOH, pH 7.5, 0.40 M sucrose, 10 mM KCl, 3.0 mM EGTA, 3.0 mM NaEDTA, 10 mM ascorbic acid, 0.1% (w/v) BSA, and 2.0 mM DTT. The homogenate was filtered through one layer of Miracloth (Chicopee Mills, USA.) and the filtrate was centrifuged for 10 min at 6,000g max (fixed angle rotor). The supernatant was centrifuged for 30 min at 60,000g max (fixed angle rotor). The pellet was suspended in 5.0 mM KPi, pH 7.8, 2.0 mM KCl and 0.25 M sucrose. Isolation of oat root plasma membrane -Plasma membranes were isolated from oat root microsomal membranes by aqueous polymer two-phase partitioning. To obtain plasma membrane fractions of very high and essentially equal fraction purity, higher polymer concentrations were required for the oat membranes from phosphate-limited plants than for the membranes from fully fertilized plants. Thus, the 20.00 g two-phase systems used for microsomal membranes from 30-40 g oat root tissue contained 6.2 % (w/w) each of Dextran T500 and PEG 3350 for membranes from wellfertilized tissue but 6.6 % (w/w) of each polymer for membranes from phosphate limited material. The systems also contained 5. sucrose, Dextran T500 and PEG3350. For microsomes isolated from control roots, the systems contained 6.2% (w/w) of each polymer, whereas for microsomes from roots of phosphate-limited oat, the systems contained 6.4% (w/w) of each polymer. The membrane sample was included in the first tube. After shaking and phase separation, the upper phase of the first tube was transferred to a fresh lower phase in tube number two and fresh upper phase was added to the first tube. The procedure was repeated until upper phase had reached tube number 10 and all tubes contained both upper and lower phase. All 10 complete two-phase systems were each diluted with 10 mM HEPES/KOH pH 7.5, 0.25 M sucrose and 10 mM KCl and pelleted twice at 100,000g max .
Lipid analyses -Membrane lipids were extracted (17) and fractionated on Si60 solid phase extraction columns (Supelco, Bellefonte, PA, USA). Briefly, the lipid extract was applied to a 100 mg Si60 column conditioned with 2.0 ml chloroform:acetone (9:1 by vol.). Non-polar lipids were eluted with 4.0 ml chloroform:aceton (9:1 by vol.), glycolipids with 2.0 ml acetone:methanol (9:1 by vol.) and finally phospholipids with 2.0 ml methanol. The separate fractions were taken to dryness under N 2 . Polar lipids were dissolved in chloroform:methanol (2:1 by vol.) and the non polar lipids in chloroform.
To separate and quantify polar lipids, straight phase HPLC (Hewlet Packard series 1050) was used. The lipids were separated on a Lichrosorb Si60 125x4 mm column (Merck, Darmstadt, Germany) with a binary gradient system (18) . The lipids were detected with a Sedere 45 evaporative light scattering detector (Sedex, Vitry, France) operated at 50°C with filtered air at 0.22 MPa as nebuliser gas. All lipid classes were identified and quantified using retention times and calibration curves obtained with authentic lipid standards chromatographed under identical conditions.
To analyse free sterols and fatty acid methyl esters, a Hewlet Packard 5890 series II gas chromatograph equipped with a flame ionisation detector was used. The underivatised free sterols in the neutral lipid fraction were separated on a 30 m x 0.25 mm DB-5 capillary column (J&W Scientific, Folsom, USA) with N 2 as carrier gas at a constant flow of 2 ml⋅min -1
. The injector and detector were maintained at 300°C. The oven temperature was increased from 160 to 300°C at 10°C⋅min -1 and maintained at 300°C for 10 min. β-cholestanol was used as internal standard.
Fatty acid methyl esters were produced by base-catalysed methylation in 0.5 M sodium methoxide in methanol (19) . Diheptadecanoylphosphatidylcholine (PC) was used as internal standard. The fatty acid methyl esters were separated on a 60 m x 0.32 mm DB-23 capillary column (J&W Scientific, Folsom, USA) using N 2 at a constant flow of 2 ml⋅min -1 as carrier gas. The injector and detector were maintained at 230°C throughout the analysis. The oven temperature was maintained at 150°C for 2 min, increased to 170°C at 50°C⋅min -1 , further increased to 210°C at 2°C⋅min -1 and maintained at 210°C for 5 min. Protein analysis -Membrane protein content was determined as described (20) , except that the samples were pre-incubated in 0.10% (w/v) Triton X-100 prior to the addition of the reagent.
Prior to SDS-PAGE, membrane fractions were incubated in 50 mM Tris-HCl pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS and 50 mM DTT for 15 min at 60°C. Polypeptides were separated on 10% (w/v) Tris-HCl SDS-PAGE precast 15 x 15 cm gels (Bio-Rad, Hercules, CA, USA). After separation, the proteins were stained by Coomassie Brilliant Blue and after destaining, with Proteo Silver silver stain kit (Sigma). Specific bands (see Figures 3 and 5 When necessary, samples were purified and concentrated with ZipTips containing C18 resin (Millipore, Billerica, MA, USA). The peptides eluted in 3.5 µl of 0.1 % (v/v) formic acid in acetonitrile/water (1:1, by vol.) analyzed by nano LC-FTISR on a Thermo Finnigan LTQ-FT operated in data dependent mode with pre separation of the peptides on a C18 capillary column (21) . The MS/MS data were used as input for protein identification by MASCOT (www.matrixscience.com). No restrictions in species, molecular weight or pI were applied when searching against the non-redundant database of NCBI. Proteins identified all had a score exceeding 80, while 43 represents the 95% confidence level.
For Western Blot analyses, membrane fractions containing 10 µg protein were denatured as above and separated on 10% BISTris Novex™ ready gels (InvitroGene, Carlsbad, CA, USA) according to the manufacturers instructions.
The polypeptides were electroblotted onto nitrocellulose membranes (Bio-Rad), using a xCel II Blot Module (InvitroGene). The membranes were probed with an antibody raised against the C terminal 120 amino acids of a putative phospholipase C of A. thaliana (NPC4; 22) followed by a horseradish peroxidase-linked, antirabbit secondary antibody from donkey (Amersham Pharmacia). The peroxidase activity was detected by enhanced chemiluminscence using the SuperSignal West Dura Extended Duration Substrate (Pierce Chemical, Rockford, IL, USA). Phospholipase assays -The assays were essentially as described (22) ). Water, other additions and membranes were added to a final volume of 200 µl. The assays were started by addition of membrane fractions, incubated with shaking at 37°C and stopped by addition of 750 µl of chloroform:methanol (1:2, by vol.). The lipids were extracted by an acidic modification of the Bligh and Dyer procedure (17). TLC separations and analysis of lipid radiolabel were as described (23) . In the phospholipase assays, plasma membranes isolated from a new oat cultivar Belinda was used. We analysed marker enzyme activities, lipid composition and polypeptide pattern, and found no differences between these plasma membranes and those obtained from the no longer available cultivar Vital, neither with fully fertilized nor phosphate deficient plants (results not shown).
Phospholipase activities were also assayed in native gel-separated polypeptides. Root plasma membranes from phosphate-limited oat was solubilized (100 mM Tris/HCl pH 8.6, 0.12% (w/v) deoxycholate, 5% (v/v) glycerol) and non-suluble material was pellet by centrifugation. The solubilized proteins were separated on a 4-12% Bis/Tris Zoom gel (InvitroGene). The gel was sectioned into 2.5 mm slices and these were homogenized in the solubilization buffer. After centrifugation, the supernatants were assayed for lipase activities.
Other assays -The following marker enzymes were assayed: cytochrome C oxidase for mitochondrial inner membrane and antimycin Aand KCN-insensitive NADH cytochrome C reductase for endoplasmic reticulum (24) , latent IDPase for Golgi membranes (essentially according to 25), 1,3-β-glucan synthase for plasma membrane (26) , and monogalactosyldiacylglycerol (MGDG) synthase for chloroplast envelope (27) . To analyse the sugar composition of DGDG, the isolated lipid was hydrolysed in 2 M trifluoroacetic acid, reduced with sodium borohydride and peracetylated. The resulting alditol acetates were analysed by capillary GC on a DB-17 column (28) .
The differences in lipid composition between different treatments were analysed by one way ANOVA analysis using the SPSS statistics software package for Windows (SPSS, Chicago, IL, USA).
RESULTS

Effects of phosphate limitation on the lipid composition of oat root plasma membranes -
The lipid composition of root plasma membranes isolated from two and four weeks old oat grown with or without phosphate is shown in Table I . In four weeks old wellfertilized oat, glycerolipids made up 49% of the root plasma membrane lipids, whereas this proportion was lowered to 41% in the phosphate-limited oat. As in the previous investigation (9), cultivation without phosphate caused a marked decrease in the proportion of phospholipids concomitant with an increase in DGDG in the plasma membrane. This alteration was observed already two weeks after cultivation. After four weeks of cultivation, there were also significant increases in the proportions of sterol glucosides (SGs) and glucocylceramides (GlcCers) in plasma membranes isolated from the roots of phosphatelimited oat, compared to well-fertilized oat. The proportions of acylated SGs (ASGs) and free sterols remained unaltered, although the composition of free sterols was altered. The proportion of the major sterol, stigmasterol, decreased, whereas that of β-sitosterol increased in the phosphate limited material (Table II) . The phospholipid compositions were essentially as previously reported (9) and after four weeks of cultivation the decrease caused by phosphate starvation affected all phospholipid classes to approximately the same extent (results not shown). The proportions of MGDG and sulfoquinovosyldiacylglycerol were each 0.5-2 mol% in all plasma membrane fractions.
The monosacharide composition of DGDG of root plasma membranes from phosphatelimited oat was 10% glucose and 90% galactose, whereas that of the corresponding root tissue DGDG was 20% glucose and 80% galactose (results not shown).
The dominating fatty acids in plasma membrane DGDG were 16:0 and 18:2 (Table  III) . Plasma membrane DGDG from four weeks old phosphate-limited oat contained significantly less 16:0 than DGDG in other plasma membrane fractions, and this decrease in 16:0 was balanced by an increase in the proportion of 18:2. The fatty acid composition of the plasma membrane phospholipids was not significantly affected by phosphate limitation (results not shown). Membrane fractionation -To analyse whether DGDG substituted for phospholipids in other non-plastid membranes besides the plasma membrane, we fractionated microsomal membranes from the roots of four weeks-old oat cultivated with or without phosphate, using a 10-step aqueous polymer two-phase counter current distribution (15, 16) . In order not to force nonplasma membranes as strongly into the lower phase as with plasma membrane isolation, the two-phase systems used here did not contain any KCl and for phosphate-limited plants, the concentrations of polymers were lowered. With these alterations, we obtained strongly reproducible distributions of membrane proteins, both between the treatments ( Fig. 2A) and between individual experiments (results not shown). Figure 2 shows the distribution of markers for mitochondrial inner membrane, endoplasmic reticulum and plasma membrane between the 10 fractions. Both the mitochondrial inner membrane (Fig 2A) and the endoplasmic reticulum (Fig. 2B) were strongly enriched in the first two fractions. Moreover, the three most prominent bands in the first two fractions were identified as the inner mitochondrial membrane proteins ATP-synthase α-and β-chain and ADP/ATP-carrier, respectively, by MALDI-TOF spectrometry (indicated in Fig. 3A-B) . The IDPase acitivity was very low in all fractions and its latency, a marker for the Golgi apparatus, was detectable only in the first (in membranes from phosphate-deficient oat) and second (both treatments) fractions (results not shown).
As plasma membrane vesicles of a cytosolic side-in configuration preferentially partition to the upper phase in two-phase partition, the recovery of the plasma membrane activity 1,3-β-glucan synthase predominantly in fractions 8-10 was expected (Fig. 2B) . The polypeptide patterns of these fractions were remarkably similar to those of isolated plasma membrane fractions, including a prominent P-type ATPase (Fig. 3) . One particular band in the gels appeared to be enriched in fractions 2-4 and 3-4 obtained from phosphate-limited and fully fertilized oat, respectively. This band was identified by linear ion trap mass spectroscopy (21) as V-type ATPase subunit A and its distribution clearly differed from that of the plasma membrane Ptype ATPase (Fig 3C) . We conclude that these fractions were enriched in membranes of tonoplast origin. Subcellular distribution of phosphate deficencyinduced changes in lipid composition -Lipid analyses of the fractions revealed that the contents of SG (Fig. 4A ) and free sterols (Fig.  4B) were highest in the plasma membrane region of the separation and that the content of the former increased in plasma membranes from phosphate-deficient plants. The distinctly increased proportions of DGDG and GlcCer in plasma membranes isolated from the roots of oat cultivated without phosphate for four weeks (Table I) were reflected also here, as peaks comigrating with the plasma membrane (Fig. 4C) . In root membranes from phosphate-limited oat, DGDG, GlcCer and SG also peaked in a separation region co-migrating with tonoplast but devoid of plasma membrane (cf. Fig. 3C ), and the DGDG content increased also in the first fraction (Fig. 4C) .
In both well-fertilized and phosphatelimited oat, the MGDG content peaked in fractions 5-6 (Fig. 4B) , thus co-migrating with DGDG in well-fertilized oat (Fig. 4C) . Evidently, root plastid membranes, presumably of envelope origin, separated from both plasma membrane and tonoplast. The MGDG content of the fractions was not affected by the phosphate status of the growth conditions. Effects of phosphate limitation on the polypeptide composition of oat root plasma membranes -Root plasma membranes isolated from oat cultivated with or without phosphate were similar concerning their polypeptide patterns (Fig. 5) . Four polypeptides, however, clearly were more abundant in plasma membranes isolated from roots of phosphatedeficient oat (Fig. 5, numbered 1-3 and 5) , whereas two polypeptides decreased in abundance (Fig. 5, numbered 4 and 6) . The peptides were after in-gel tryptic digestion subjected to linear ion trap mass spectrometry (21) . Polypeptide number 1 was identified as a member of the HSP80 or HSP90 families. Polypeptide number 2 was identified as Gene Bank protein id 27573343, a putative phosphoesterase from Oryza sativa (Fig. 6A) . A BLAST search of the rice sequence against Gene Bank revealed six orthologues in the A. thaliana genome and several sequences in other higher plants. In addition to higher plants, orthologues were found in a large array of bacteria. However, no orthologues were found in E. coli, cyanobacteria Fig. 5) .
It was recently reported that phosphate deficiency induced a phosholipase C (PLC) in A. thaliana (22) . This protein, denoted NPC4 (22) , is identical to one of the A. thaliana sequences with high similarity to Gene Bank protein id 27573343 (cf. above). The antibody raised against the C terminal 120 amino acids of NPC4 (22; kindly provided by the authors) reacted against polypeptide number 2, the putative phopshoesterase (cf. above), in the separation of plasma membrane proteins from phosphatedeficient oat (Fig 6B) . As for A. thaliana (22) , the protein reacting with the antibody against NPC4 was expressed only in phosphate deficient oat and was highly enriched in the plasma membrane, compared to the microsomes. The 10-step two-phase partitioning of the microsomes revealed that the protein was expressed only in the plasma membrane and e.g. not in the tonoplast ( Fig. 6C; (Fig. 7B) . The phosphate-deficiency related induction of a PA phosphatase was verified when plasma membranes were incubated with [ 14 C]PA. In the plasma membranes from well-fertilized oat, PA degradation was negligible, whereas plasma membranes from phosphate-deficient oat possessed a very active PA phosphatase (Fig.  7C) . In contrast to NPC4, the oat plasma membrane PLD-like activity was completely inhibited by 1 mM Cu 2+ , but unaffected by 1 mM Mn 2+ (results not shown). Plasma membrane polypeptides were separated by native gel electrophoresis and excised sections of the gel were analysed (Fig.  8A) . We did not observe any PLC-like activity, but PLD and PA phosphatase activities colocalized in fraction 13 ( Fig. 8B-C) . This fraction was submitted to tryptic digestion linear ion trap mass spectrometry and was shown to contain a large number of polypeptides, including a prominent P-type ATPase and three putative phosphoesterases (Gene Bank protein identities 29126358 [NPC4], 50939573, and 4104060). Fraction 13 corresponded to a slightly lighter apparent molecular weight than the denatured polypeptide corresponding to NPC4. The localization of the P-type ATPase in this band (monomer size >90 kD) is indicative of that native proteins did not migrate as denatured proteins. A comparison of the mobility of NPC4 electrophoresed under denaturing and native conditions (Fig. 8D) clearly demonstrates that NPC4 shifted to a lighter apparent molecular weight when electrophoresed under native conditions. The NPC4 antibody reacted against polypeptides extracted from fractions 10-13, but most strongly against fraction 13 (Fig. 8E) .
To determine whether the different lipid extraction protocols contributed to the different results obtained with the recombinant Arabidopsis NPC4 and oat root plasma membranes, both protocols were tested on commercially available lipids. With PC, PA and DAG, the ethyl acetate-based protocol used in the NPC4 study (22) extracted 81, 35 and 93% of the respective lipid; the corresponding results for the acidic chloroform-methanol protocol (17) used in our study was 93, 97 and 86% (results not shown). We conclude that lipid extraction procedures alone cannot account for the different results obtained in the two investigations.
DISCUSSION
We previously suggested that the plasma membrane was the major target for the phospholipids-to-DGDG replacement (9) . To test the validity of this assumption, we subfractionated oat root membranes by aqueous polymer two-phase partition, in a 10-step counter current procedure. We chose this approach, as plasma membranes clearly separates from other membranes by this method and also because we could adjust the systems to obtain similar protein and marker distributions between the fractionations of membranes from phosphate-limited and control roots, respectively. To reach this end, the two-phase systems had to differ slightly in composition between membranes from control and phosphate-limited roots. As separation by twophase partition relies on surface properties (15) , this result reflects that the composition of the apoplast-facing leaflet of the plasma membrane had been affected by cultivation under phosphate-limited conditions.
Although the limited amounts of steps used in the counter current distribution did not achieve clear separations of other membrane fractions besides the plasma membrane, the results clearly demonstrate that phosphatelimited cultivation of oat induced phospholipidto-DGDG replacement in two membrane fractions. The replacement occurred, as previously shown (9), in the plasma membrane, but it also occurred in another membrane fraction, which did not co-migrate with endoplasmic reticulum, Golgi apparatus, mitochondrial inner membranes, or root plastid membranes. As was the case for plasma membranes, this fraction contained not only a large proportion of DGDG, but also increased proportions of SG and GlcCer. However, the plasma membrane marker 1,3-β-glucan synthase was not enriched in this fraction, nor were free sterols, strongly indicative of another identity than the plasma membrane. The clear difference in polypeptide composition also argued against a plasma membrane origin. One of the polypeptides of this fraction could be shown to originate from the V-type ATPase, which supports a tonoplast identity. This identity is also supported by an early work which showed that tonoplast vesicles isolated from oat leaf protoplasts contained GlcCer and SG, as well as a DGDG/MGDG ratio clearly different from a plastid contamination (30) . In oat roots, the plasma membrane and the tonoplast apparently act as the major phospholipid-associated phosphate reserves.
Phosphate deficiency also resulted in increased DGDG in the first fraction, which was enriched in endoplasmic reticulum, mitochondrial inner membranes and Golgi apparatus membranes. As neither GlcCer nor SG were abundant in this fraction, mitochondria could probably be considered as the most likely candidate for containing DGDG. This interpretation is supported by the recent finding that DGDG became a mitochondrial membrane constituent when photosynthetic A. thaliana cells were cultivated under phosphate-limited conditions (31) . The function of phospholipids as a phosphate reserve has also been demonstrated for well-fertilized Glycine max and Lotus japonicus infected with nitrogen-fixing symbionts. Here, the plasma membranes had a normal phospholipid-rich lipid composition, whereas the plasma membrane-derived peribacteroid membrane surrounding nitrogenfixing rhizobia in the nodules of these legumes contained significant amounts of DGDG (32) . Both the peribacteroid membrane DGDG (32) and the oat plasma membrane DGDG in our investigation contained a higher galactose to glucose ratio than the DGDG of the respective total root tissue. These observations indicate a more stringent specificity for galactose in the synthesis of DGDG for plasma membrane and plasma membrane-derived membranes than in the DGDG synthesis that provides other root membranes with this lipid.
The rather simple analysis performed on the effects of phosphate starvation on the polypeptide composition revealed that although the plasma membrane retained a largely unaltered polypeptide set, several polypeptides were induced. Three of these were identified as a chaperone, a phosphate transporter and a putative phosphoesterase. The induction of a chaperone indicates that the alterations in lipid composition did not result in a maintained optimal lipid environment for all plasma membrane proteins. A corresponding adjustment was reported for E. coli, where a large change in lipid composition caused induction of chaperones (33) . It has previously been demonstrated that two phosphate transporters were up-regulated in A. thaliana roots as a consequence of phosphate starvation (34) . One of these, APT2, is highly similar to phosphate transporter that was induced in phosphatedeficient oat.
The putative phosphoesterase band in the root plasma membranes isolated from phosphate-limited oat reacted with an antibody raised against NPC4, a non-specific PLC that was induced by transferring fully fertilized A. thaliana to phosphate-free medium (22) . Previously, plant PLC activities have only been clearly demonstrated against phosphoinositolcontaining lipids (35) and an activity towards other phospholipids represents a novel lipid degrading function of the plant plasma membrane. However, when we assayed lipase activities against exogenous substrates in isolated oat plasma membranes, the activities more closely resembled those of PLD in conjunction with PA phosphatase, than PLC. The PLD-like activity was present already in the plasma membranes from fully fertilized oat. In phosphate-limited oat, this activity increased and a PA-phosphatase was induced. The colocalization of an NPC4-like protein and PLD and PA phosphatase activities were observed also when we analyzed protein bands from native gel-separated plasma membrane from phosphate deficient oat. We suggest that in oat, a PLC-like activity of the NPC4 homologue was masked by PLD-like and PA phosphatase activities or that the oat NPC4 is not a PLC. The differences in sensitivity towards metal cations expressed by the recombinant NPC4 (22) and oat plasma membrane lipases support this conclusion.
One major reason behind the different results could be that different phosphate stress regimes were employed in the two investigations. With A. thaliana, fully fertilized plants were transferred to a phosphate-free medium and NPC4 was induced within four days after transfer (22) . With oat, the plants had been grown for four weeks in a phosphate-free medium when the plasma membranes were isolated and at this time, the oat was still growing. With A. thaliana, the PLC-like activity may thus have reflected induction of an enzyme involved in signaling the lowered phosphate status. In oat, lipase activities probably were required to maintain the low phospholipid content of the plasma membrane during prolonged phosphate starvation, rather than to partake in signaling events. Phospholipases involved in signal transduction are generally Ca 2+ -dependent (35, 36) . The lack of a Ca 2+ requirement for phospholipid degradation in root plasma membranes of phosphate-limited oat supports the suggestion that these lipase activities were not part of a signaling cascade.
To summarize, we have shown that phospholipids are replaced with DGDG, SG and GlcCer in both the plasma membrane and the tonoplast in oat roots after four weeks cultivation in the absence of external phosphate. A PLDlike activity was markedly stimulated in these plasma membranes, and a PA phosphatase was induced. These results point to different lipase responses to phosphate limitation in different plant species (oat, A. thaliana), different tissues (roots, leaves) and/or different stages of phosphate limitation stress.
Taken together, evidence is presently accumulating for a far more developed potential for plasticity in the lipid compositions of plasma membrane, tonoplast and mitochondria of higher plants than previously assumed, as well as for the need of DGDG transport outside the chloroplast. The sensing of membrane lipid composition and the signaling pathways leading to lipid replacement provide exciting fields for future research. Fig. 1 The ten-step aqeous polymer two phase counter current distribution used to fractionate the microsomal membranes from oat roots. First transfer series: Tube 1 contains a complete two-phase system and root membranes, tubes 2-10 each contain lower phase plus a small amount of upper phase from identical two-phase systems but without any membranes. After shaking and phase separation, the upper phase of tube 1 is transferred to tube 2 (grey arrow) and fresh upper phase is added to tube 1 (black arrow). Second transfer series: After shaking and phase separation, the upper phase of tube 2 is transferred to tube 3 followed by transfer of upper phase of tube 1 to tube 2 (grey arrows). Fresh upper phase is added to tube 1 (black arrow). Continuous steps: Transfers continues as above until material has been transferred to tube 10 and all tubes contain both upper and lower phases. The content of each tube is diluted with buffer and the resulting ten membrane fractions are collected by centrifugation. Fig. 2 The distribution of protein and enzyme activities in membrane fractions obtained from wellfertilised and phosphate-limited oat roots. Microsomes were isolated from the roots of 4 weeks old oat, grown under well fertilised (solid symbols) or phosphate limited (open symbols) conditions. The microsomes were fractionated by a 10-step aqeous polymer two phase counter current distribution (see Fig. 1 ). Protein (A, squares) and the activities of cytochrome C oxidase for mitochondria (A, circles), NADH:Cytochrome C reductase for endoplasmic reticulum (B, triangles), and 1,3-β-glucan synthase for plasma membrane (B, circles) were analysed. The data are presented as the distribution of total proteins or total activity between the ten fractions. Plasma membranes were isolated from oat roots grown without (-P) or with (+P) phosphate for four weeks. The polypeptides were separated by 10-20% gradient SDS-PAGE and visualised by silver staining. The numbers to the right denote the molecular masses of the standard peptides. The polypeptide bands indicated to the left were cut out, subjected to in gel trypsin digestion followed by nano LC-FTISR. Figure 5 . B, Membrane fractions were isolated from roots of 4 weeks old well fertilised (+P) or phosphate limited (-P) oat. Each fraction (corresponding to 10 µg of protein) was subjected to denaturing PAGE, followed by electroblotting and was probed with an antibody raised against the C-terminal 120 amino acids of A. thaliana NPC4 (22) . MS denotes microsomal membranes, PM denotes plasma membrane. C, The corresponding immunological detection of the NPC4-related peptide in root membrane fractions obtained from a tenstep aqeous two phase counter current partitioning (see Fig. 1 ). Fig. 7 Lipase activities against PC, PE and PA in plasma membranes isolated from the roots of well fertilised and phosphate limited oat. Plasma membrane fractions, containing 10 µg protein, were incubated with radiolabelled PC (A), PE (B) or PA (C), with 18 nmol lipid per incubation. After the times indicated, the reactions were stopped by lipid extraction and radiolabelled lipids were analysed. Closed symbols denote root plasma membranes isolated from well-fertilized oat, whereas open symbols denote root plasma membranes from phosphate-limited oat. Circles, lipid radiolabel recovered in PA; squares, lipid radiolabel recovered in DAG. Mean values and the range from duplicate samples within one representative experiment are presented. Fig. 8 Lipase activities and localization of an NPC4-like protein in electrophoretically separated plasma membrane polypeptides. Plasma membrane was isolated from the roots of oat cultivated without external phosphate for four weeks. A, The membrane proteins were solubilised with deoxycholate and separated on a 4-12 % gel. B, C, Sections of the gel, as indicated, were excised and assayed for lipase activities using radiolabelled lipid substrates: PA formation from added PC (B) and DAG formation from added PA (C). D, membrane proteins (10 µg) were solubilised in SDS-PAGE sample buffer (left) or with deoxycholate (right), separated on a 4-12 % gel and probed with the NPC4 antibody. E, Fractions 6-16 of the native gel were denatured, electrophoresed and probed with the NPC4 antibody.The antibody used was raised against the C-terminal 120 amino acids of A. thaliana NPC4 (22) . 
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